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MESOCYCLONE DETECTION AND CLASSIFICATION ALGORITH4
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1.0 INTRODUCTION

Mesocyclones are circulating regions, aver- in our mesocyclone detection algoritm because of

aging 5 km in diameter, located within some in- its tendency for rejection of small but intense
tense and well-organized thunderstorms, vortices, such as tornadic vortex signatures, and
Although infrequent, they are an important aid for acceptance of certain large-scale patterns
in providing a storm warning signature detectable with less than the requisite shear. We suggest,
by Doppler radar. Nearly all mesocyclones are however, that mesocyclones be classified by the
associated with some form of severe weather, and trends of their rotational kinetic energy, and
about half of them spawn tornadoes. The typical angular momentum. This may be a means for early
mesocyclone starts at mid-levels (about 5 km) in assessment of the destructive energy of the re-
a storm and rather slowly extends upward and sultant tornado. For vortices of equal size, ro-
downward. Tornadoes and other severe weather tational kinetic energy is proportional to the
manifestations generally do not occur until the square of maximum rotational velocity, so this
mesocyclone base reaches the ground, a process parameter may be especially sensitive as an indi-
that averages 31 minutes in duration (Burgess et cator of the probability of a tornadic circula-
al., 1982). Consequently, detection of a meso- tion penetrating to the ground and inflicting
cyclone early in its development cycle will severe damage.
yield a far greater lead time for forecasters
than is presently available. 2.0 PROPOSED ALGORITHM

. f Mesocyclones have been successfully detected
for many years through visual inspection of the The algorithm is capable of detecting
velocity field provided by a single Doppler cyclonic and anticyclonic circulations over a wide

radar. Accomplishment of this task in real time, range of scales. It computes the horizonal and

however, demands the constant and alert attention vertical extent, average shear, momentum, rota-
of a meteorologist. Economical and reliable em- tional kinetic energy and temporal persistence of
ployment of human resources in an operational these circulations.
scenario requires the aid of an automated meso- Criteria for the detection of mesocyclones

cyclone detection scheme. Automation is aspe- have been set forth by Donaldson (1970), and

cially needed during tornado outbreaks, when two later by Burgess (1976). Three basic require-

or more mesocyclones may occur simultaneously ments are: 1) significant azimuthal shear must

within range of a radar, exist between closed velocity contours of oppo-

It is proposed that this automatic proctes- site sign (provided storm motion has been re-

sing be performed by a four-dimensional detection moved). 2) Shear pattern and closed isodops must
algorithm that identifies mesocyclonic shear with extend vertically for a height interval comparable
a resolution-dependent shear threshold applied to the horizontal diameter. 3) The shear pat-
over a minimum velocity difference. These cri- tern must persist for a time interval greater than
teria are intended to enable the algorithm to one half of the revolution period of the feature.

detect small mesocvclones, and large ones at Burgess et al. (1982) defined the evolution-
great ranges (where impaired azimuthal resolu- ary stages of mesocyclones: 1) The organization
tion may reduce measured shear) without trigger- stage is characterized by growth of the circula-
Ing false alarms due to natural small-scale tion area upward and downward, from tid-levels.
variability in velocity. This proposed algorithm Convergence as well as rotation may be revealed
will vertically correlate mesocyclonic shear in the low-level signatures. The organizing
features and tabulate their temporal persistence, stage ends when the mesocyclone's base extends to

The development of this four-dimensional the lowest elevation scan. 2) The mature stage

mesocyclone detection algorithm is a natural ex- is characterized by a period of maximum veloc-

tension of less comprehensive algorithms pro- ities. During this stage tornado potential is

posed by Hennington and Burgess (1981) and by greatest. The mesocyclone may show some conver-
Forsyth et al. (1981). These earlier algorithms gence at lower levels, pure core rotation at mid-
have some complementary features. The former dle levels, and some divergence at the top.
detects mesocyclonic shear based on a combination Generally the top of the circulation is slightly

of shear and momentum thresholds, and computes lower than the peak during the organization
the horizontal extent of the circulation in stage. 3) The dissipating stage begins when the

radial as well as azimuthal direction. The mesocyclone summit drops rapidly, and the maximum

latter scheme is based only on shear between velocities decrease. At the end of this stage
velocity peaks and correlates this shear verti- the circulation exists in a shallow layer and is

cally and temporally. very weak.

Momentum thresholding was not incorporated



2.1 Scale Considerations

Although a great majority of mesocyclones criterion has been met.

and tornadoes are cyclonic, a few anticyclonic The first test on a three-dimensional Lea-
tornadoes have been observed. Therefore, we ture is a check for cyclonic and anticyclonic
have ensured that the algorithm can detect anti- circulation. Next the azimthal and radial diame-
cyclonic circulations. Since mesocyclones have tars are checked, and if they are not within 50
1
ong been recoqnized as the vorticity-producing percent of one another the feature is labeled a
Sr.:e for tcrn.Ad, en oo have inc ioded the detec- sheat area. Cthe;wi.e, the ,i, '"

tion of tornado vortex signatures (TVS's) in our pared to the vertical deijth .; K. 'k,, .: . it

algorithm. The algorithm is capable of detecting they are within 50 percent of one another the fea-
many scales of meso-circulations. For all prac- ture is called a mesocyclone. When the shear for
tical purposes we shall confine our analysis to a mesocyclone exceeds the resolution-dependent
only those scales between a small TVS and a large threshold for TVS it is labeled as a tornado.
mesocyclone, that is, from several hundred meters Two-dimensional features that are only observed at

to 20 km in horizontal extent, one elevation are called single-height features.
The results from this analysis can immedi-

2.2 Algorithm Processing ately be written to a screen for operator inter-

This algorithm has evolved from a two-dimen- pretation, and to a hard copy device. The meso-
sional mesocyclonic shear algorithm proposed by cyclone's average shear, mompntum, rotational

Henninqton and Burgess (1981) (further developed energy, and identification number are stored for
by ZrnJc et al. (1982)) and a three dimensional future analysis.
mesocyclone-TVS algorithm developed by Forsyth 2.3 Resolution-Dependent Shear Threshold
et al. (1981). We have modified and merged
these algorithms so that they process data in In order to compensate for the cross-beam
close to real time and automatically archive degradation of resolution with range we have ap-
mesocyclone attributes for later analysis. plied resolution-dependent thresholds for shear

The algoritlm processing can be broken into and peak velocity difference as criteria for re-
five steps. These are: taining pattern vectors.
L) The algorithm searches for gradients in the Hennington and Burgess (1981) and Zrnic et
Doppler velocity field. This is accomplished by al. (1982) used a combination of momentum and
identifying either increasing or decreasing ye- shear thresholds to determine if a pattern vector
locities in the azimuthel direction, is saved for further processing. In order to de-
2) When a run of constantly increasing or do- tect smaller circulations (e.g., TVS) we have
creasing velocitles er.ds, the shear along the eliminated the momentum thresholding because it
run is tested. If the shear exceeds a resolution implies a minimum length for a pattern ve-tor.
dependent threshold a pattern vec

t
cr is formed by The momentum of a pattern vector is estimated

joinirq peaks ir the velocity field at constant from the product of the measured velocity differ-
ran'q. The Inllowing six attributes of pattern once (V -V.) and the azimuthal distance R(-
vecter a- .aved: beginning and ending azimuths shear io the quotient of these two quantities.

, t'ginninq and ending velocities V V , range The velocity pattern around a non-divergent
to Fhe ;-attein vector, and time of the 9egJnning mesocyclone is generally modeled by a Rankine
*a-in.'h, :combined vortex (RCV). This means that the core
1) ,'fter t ach azimuth scan is completed the pat- of the mesocyclone, defined as the region between

srn v.icrnos are grouped together into a two- velocity peaks of opposite sign, is assumed to
enmp j";i-. featire. The t.sts for association rotate as a solid body. As the mesocyclone is

of 1w) pittern vectors are close radial proximity moved out in range the peak velocities decrease
(1.- s than I kn

) 
, and azimuthal overlap. The significantly as more and more of the mesocyclone

t.--dirj-oninal features that have a radial ex- is encompassed by the radar pulse volatmie. At the
e.-t of 0.6 ", (4 range gates) or more are saved same time the diameter of the feature appears to>

tor " rtical correlation with higher elevation increase.
.,canv . Thi atributes saved for each two-dimen- We have derived our shear dependence by con-
* onnl feature are! the number of pattern vec- sidering the effect of increasing range of the
to.q in the feature, minimum end maximum azimuth, resolution of a RCV. Brown and Lemon (1976) pre-

Leginning and ending range, and the minimum and sent some enlightening results of a RCV model

maximom peik v-1ocities and their orientation developed by Zrnic and Doviak (1975). The paper
witn res;,e-t to the radar beam. addresses the problem of identifyi- a "'VS de-
'1 The vertical correlation consists of compari- scribed by a RCV as it is moved o!t in ranae.
';cn of the lnattons of features observed at suc- In this analysis we have assind data ar"
"o -|'e *le: rna. If the distance between the collected at increments equal to the antenna j,
,,,rtroids c the two-dimensional features is less width. The basic indicator of the resolution de-

thin thr sm Z their diaseters they are assumed pendence of a feature is the ratio of the radar
Io' or. la' and their attributes are aver- beamwidth (BW) to care rail' (70). It th

'u0' f,' • :sp'rison with features from the next ratio is much less thAn ' the ad,- -it
.; 7i,mytn scan. rhis process continues the meso-circulatior, fairly w1-. , ': I "

intil th-? ,wl if a volume scan at which time the increases there is a degradation in the observeI
Attritut-n of the three-dimensional features are feauIre. At bpamwidth to core ratios greater
,n i I .- w that, 2 the true attrib,)tes rf t'- fpat,- - r,,
I) '; re, ccsrenrdeiby Donaison (iq70) and Burgess diff Icult if not impossiie to resr1%P.

IO :' ? ,'ar pattern fnr a mesoryclon' should r rlinimum AVsmethel shrt-f SV' -
reit F,i , hC11 the periMd of the vortex Yns-'vt-lonr dele,'t oii wi: f r'' : -

"otal Pr rha tlgorithm computes the perts- Dona1,lson (1 176' nd later corroborated b
redc* nf I eatlire and a'ts -t flag when this BPirgeR 0]17$) from a stuiw of cin'eral &earr ,f

4I



mesocyclone data. If we assume that an az-
imuthal shear of 5.10-3/s is a practical The shaded region of this figure represents the
cut-off between mesocyclonic and non-meso- mesocyclone detection region. These thresholds
cyclonic storms, and that the minimum allowable do not permit the detection of TVS's, as the low
velocity difference is 15 m/s, we can see that momentum threshold precludes small but intense
the smallest, lowest shear mesocyclone we will vorticies. Since no objective criteria for the
permit is 3 km in diameter. With a beamwidth detection of TVS's have been established we shall
(a) of 0.8 degrees we can easily resolve this use the guidelines adopted during the Joint Dop-
feature out to a range of 110 km (RW - 1.5 km), pier Operational Project (Burgess, et al. 197 ).

* after which the beamwidth to core radius would These are the presence of shear greater 5.10
be greater than 1. At 220 km our beamwidth is and a rotational velocity greater than 30 m/s.

7. approximately 3 km or twice the core radius of This feature could have a diameter of less than
the RCV. Brown and Lemon's data show that a 1.5 km and would be in region I of Fig. 1, and
beamwidth twice the core radius would smooth the precluded from further processing with the ori-
peak velocities to approximately 62 percent of ginal momentum thresholding.

* their original magnitude, and the core radius Fig. 2 is a representation of our resolu-
would appear to be slightly larger than its true tion-dependent shear threshold.
size. Consequently the shear reported for the
feature would be somewhat less than 62 percent of
the "true" shear. If the ratio of the beamwidth
to the core radius of a tornadic feature isp
large, the apparent core radius can be much
larger than the actual size. For example, when
the beamwidth is 3 times the core radius the
peak velocities detected by the radar may be 1.5
core radii from the center of the rotation. 3

An illustration of the momentum and shear 1

thresholds used by Zrnic at al. (1982) can be J
seen in Fig. 1. 5

35 I
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RZDIJTHIRL DISTNE r A
Fig. 2. Mesocyclone detection threshold (in-

H, 150S M- 1 kmn cluding TVS's) suggested in the present paper,
portrayed in terms of velocity difference and
azimuthal distance across a shear pattern. A
shear pattern observed with perfect azimuthal

Lm SO resolution (Beamwidth/Core Radius - 0) would be
accepted as a mesocyclone if it fell into region
I. With decreasing resolution both the shear

* I Ik and velocity difference thresholds would be re-
laxed in the direction of the dashed arrows. For

SDIJ11R. DISTANE rA OW a Beamwidth/Core Radius - 2, the mesocyclone ac-
Fig. 1. Mesocyclone detection thresholds sug- ceptability space is expended to include region I
gested by Hennington and Burgess (1981) portrayed and all of region II. p.
in terms of velocity difference and azimuthal dis-
tance across a shear pattern. H and L are lines The hatched region (II) of this figure rep-
of constant shear, and H and L are lines of con- resents the sliding mesocyclone detection region,

. stant angular momentum. mA shea pattern falling and the shaded region t1) represents the perfect
into the shaded area is accepted as a mesocyclone. resolution thresholds. Using the resolution-
In region I, which includes many high-velocity dependent shear threshold one can see that the
tornado vortex signatures, all shear patterns TVS discussed above would be included in proces-
would be rejected. sing. The shear threshold decreases and the min- I

imum velocity difference decreases au the RW/CP
ratio increases. The constant shear and velocity

5 3



difference lines in Figure 2 represent the ex- very strong shear.

treme of the thresholds used in the algorithm.
Assuming perfect resolution of a feature we ap- 5.0 CONCLUSIONS

ply a 5.10
- 3 

shear threshold and a velocity dif-
ference threshold of 15 m/s. As the BW/CR ratio A resolution-dependent pattern recognition

increases we gradually decrease the shear and algorithm for detecting mesocyclones and tornado

velocity difference thresholds to 2.10
-
3 and vortex signatures has been developed.

I.I r/a at RW/CR - 2. The algorithm identifies three-dimpnlonal
cycloric and antclo..r c,

3.) MESOCYCLONE CLASSIFICATION putes their average shear, ar.g.ua ,.,m.jr., and

rotational kinetic enezgy. The time continuity

Burgess (1976) provided the earliest de- of the detected features is confirmed by a pe-sis-

tailed classification of mesocyclones. In the tence criterion, and the peak velocities at every

first four lears of single-Doppler data ac- elevation angle are recorded.
quired by NSSL, the average difference in rota- Initial tests of the algorithm appear to be

tional velocity between tornadic and Ion-torna- promising. More studies must be done in this

dic sesocyclones was less than 3 m a . How- area to improve our understanding of mesocyclones

evr.r, the few mesocyclones which produced maxi- and the mechanisms involved as they spawn torna-

tornadoe:; had rotational velocities averaging does. The interactions between a mesocyclone's

sore than 1) m s
-
1 qreater than the non-tornadic momentum, shear, and kinetic erergy as it follows

ones. Thase early statistics showed very little, its life cycle should yield some vaiuable statis-

it any, prec'ictive value for tornado occurrence tics regarding the potential destructive power of

among mesocyclones. They do, however, suggest the circulation.
that the heavily-damaging maxi-tornadoes, which Further refinement of the algorithm is like-
injure a,, kill a dirproportionately large num- ly to take place as more data is processed. In

ber of people, may be preceded by mesocyclones particular the minimum feature size, the velocity

having unusually large rotational velocities, difference and shear thresholds, and the beam-

Carrying this thought a step further, it width to core radius ratio cut-offs can only be
seeirs to us that classification of mesocyclones evaluated after extensive testing. Probability

according to th-ir rotational kinetic energy of detection and false alarm statistics need to

could be even more useful than rotational veloc- be compiled over a wide range of cases in order
ity or anqlar momentum. Rotational kinetic en- to give us better understanding of the algorithm's
*rgy is propxortional to tt.e square of velocity, performance.
so the mesocy-lones witit higher velocities
wouild b. ermphasized more then those of larger 6.0 ACKNOWLEDGEMENTS
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